Abstract-A transverse-magnetic-pass (TM-pass) optical polarizer based on Cu complementary metal-oxidesemiconductor technology platform is proposed and analyzed using the 2-D method-of-lines numerical model. In designing the optimum configuration for the polarizer, it was found that the metal-insulator-metal (MIM) polarizer structure is superior compared to the insulator-metal-insulator polarizer structure due to its higher polarization extinction ratio (PER) and low insertion loss. An optimized MIM TM-pass polarizer exhibits simulated long wavelength pass filter characteristics of >∼1.2 µm, with fundamental TM 0 and TE 0 mode transmissivity of >70% and <5%, respectively, and with PER ∼11.5 dB in the wavelength range of 1.2-1.6 µm. The subwavelength and submicrometer features of this TM-polarizer are potentially suitable for compact and low power photonics integrated circuit implementation on silicon-based substrates.
A
RECENT advancement in the active optical components research involves the use of broad gain spectrum material structure, such as as-grown and intermixed quantum-dots (QD) [1] and as-grown quantum-dash (Qdash) [2] - [4] material structure, where a broad electroluminescent linewidth were achieved for such emitters, in contrast to short linewidth QDs structures [5] - [7] . The availability of the broad gain spectrum devices is significant for broad wavelength tunability applications, such as in optical communications [8] , [9] , imaging [10] , metrology, spectroscopy and sensing [11] .
The motivation of this work stems from the potential need to process wavelength information detected from the transmission or reflection of such broad-spectrum. Also, new optical components are required for implementing various optical functions in photonics integrated circuits (PICs) with a small footprint. The broad-wavelength emission is particularly suited for compact optical coherent tomography (OCT) [10] , [12] . Specifically, the transverse magnetic (TM) mode field is preferred for such application compared to the transverse electric (TE) mode field [13] due to its polarization sensitivity. Furthermore, having a combination of phase information derived from the TE and TM signal is potentially desirable for near infra-red (NIR) polarization-sensitive OCT [14] design for scanning of human tissues exhibiting birefringence properties. Hence, we propose the design of a Cu-based TM-pass polarizer with long-pass characteristic suitable for processing the O-, E-, S-, C-, L-, U-band (OESCLU-band) wavelength information, while suppressing the short wavelength light (UV-visible-NIR). Two Cu-based polarizer designs, the IMI and MIM schemes, were investigated using 2D MoL model.
II. DESIGN AND SIMULATION DETAILS
Consider the 2D time harmonic wave equation given by
where ψ = ψ(x,z) represents the electric field E y of TE polarized waves or magnetic field, H y for TM polarized wave. k 0 = 2π/λ is the free space wave number, and n = n(x) is the refractive index. The Cu optical constants [15] change with the operating wavelength, and the refractive index of SiO 2 and Si are 1.5 and 3.5, respectively. Upon discretization of ∂ 2 ψ/∂ x 2 into Nsample points of mesh size x, using the central difference approximation, Eq. 1 has a general solution given by [16] - [18] :
where the column vector (z) contains the discretized electric field or magnetic field. The square matrixS is given by
x x is the transverse second-order derivative operator, and N 2 is the square of n.
Simulations are performed considering the 2D structure in the x − z plane, and encompassing a perfectly matched absorbing layer on either side of the computational window to absorb the radiative field. The polarizer is launched with the fundamental mode of the input waveguide at 1.55 μm from the left (at the input waveguide -polarizer junction). The TM 0 and TE 0 mode transmissivity (P T M0 and P T E0 , respectively) defined as the ratio of the transmitted mode power to the incident mode power, is calculated using the overlap integral, and at the polarizer -output waveguide junction. The PER, and TM 0 insertion loss (IL) are −10log 10 (P T M0 /P T E0 ), and −10log 10 (P T M0 ), respectively. The SiO 2 encapsulated device structure consists of a Sicore/Cu-based polarizer/Si-core along the longitudinal or z direction (direction of wave propagation) with a fixed width (W ) of 0.3 μm in the transverse or x direction. The Si-cores at both ends of the structure constitute the input and output waveguides segments, while the middle segment functions as a polarizer constructed using Cu and SiO 2 . The width of the Si-core is selected to ensure single-mode, broad-wavelength operation. It is also noted that Si channel waveguides used in complementary metal-oxide-semiconductor (CMOS) compatible photonics are polarization sensitive.
III. RESULTS AND DISCUSSION
The x −z plane of the two polarizer configurations, IMI and MIM, selected for the analysis is shown in the insets of Fig. 1 . The IMI TM-polarizer configuration has a fixed polarizer length, L, and width, W , of 0.1 and 0.3 μm, respectively. In the simulation, the Cu filled SiO 2 gap, G Si O2 , was increased from 0.05 μm to 0.25 μm along the transverse direction. In Fig. 1(a) , the PER values of less than 4.7 dB are obtained for G Si O2 <∼ 0.15 μm (see Fig. 1(a) ). For G Si O2 > 0.15 μm, negative PER values of up to −10 dB were obtained. This is because of the increase in the losses of the TM 0 evanescent wave generated at the Cu-SiO 2 interface causing a decrease in TM 0 mode transmissivity. This is evident in the corresponding IL, which decreases significantly from ∼ -10 dB at G Si O2 = 0.15 μm towards −30 dB at G Si O2 = 0.25 μm. Such a scheme is hence undesirable.
A TM evanescent wave confinement and guiding scheme is obviously required. More importantly, the scheme should ideally propagate the TM wave and suppress the TE wave. This calls for the MIM scheme as the most obvious candidate as TM wave can be supported by the metal-insulator interface, and metal-sandwich structure at sub-wavelength features size and would block much of the unsupported TE mode. The simulation results of this scheme are presented in Fig. 1(b) . As evident from the figure, the low IL values of between −0.5 dB and −2 dB were maintained for the MIM scheme as the SiO 2 -filled Cu gap, G Cu , was increased from 0.05 μm to 0.25 μm. A negligible increase in the IL with L is expected from the energy dissipation from metal absorption. Positive PER values indicated a configuration that favors TM transmission and with a maximum value of +13.9 dB at 0.1 μm G Cu . Keeping the optimum G Cu at 0.1 μm, and W = 0.3 μm, the MIM scheme showed a large PER of up to ∼35.4 dB and IL of less than ∼ -3.2 dB throughout, as L was increased to 0.5 μm, as shown in Fig. 2(a) . The corresponding TM 0 and TE 0 mode transmissivity for calculations of PER are shown on Fig. 2(b) . The large PER of 35.4 dB corresponds to a TM 0 mode transmissivity of ∼0.6 and reflectivity of < 0.05, with L = 0.5 μm, while an optimally short polarizer (L = 0.1 μm) having moderate PER of 14 but with a higher TM 0 mode transmissivity of > 0.7 and reflectivity of < 0.013 can also be achieved. The respective fabrication tolerances of +/− 0.1 dB and +/− 1 dB can be achieved given the worst case L variation of +/− 10% or +/− 10 nm. This gives flexibility in design and fabrication.
To investigate the wavelength transmission characteristics, the MIM polarizer was launched with the fundamental mode of the input wavelength between 0.4 and 1.6 μm, and the corresponding complex refractive indexes or optical constants (n − k) for Cu at the corresponding wavelengths were used to compute the TM 0 and TE 0 mode transmissivity. Fig. 3(a) shows that the polarizer exhibited a simulated long wavelength pass filter characteristics, with TM 0 and TE 0 mode transmissivity of >70% and <5%, respectively, at 1.2 − 1.6 μm wavelength range with PER of ∼ +11.5 dB. The long pass transmission beyond 1.2 μm is a property of the polarizer unit exclusively since the numerical model does not consider the Si waveguide absorption in the numerical model (the theoretical formulation). The simulated magnetic and electric field intensity images for the TM 0 and TE 0 modes at 1.55 μm wavelength are shown in Fig. 3(b) and 3(c) , respectively, where the TM 0 -pass and TE 0 -reject characteristics are clearly observed. The standing wave in Fig. 3(c) is due to wave interference.
The selective mode segregation is due to the surfaceplasmon-polaritons (SPPs) phenomenon. SPPs are TM electromagnetic waves that propagate at the interface between two media with opposite sign of permittivity (ε = n 2 ), such as metal and dielectrics. The surfaces of metals have very high concentration of free electrons, and exhibit negative permittivity response when illuminated [19] . In our case, Cu and SiO 2 in the MIM structure form a cavity with dimensions below the diffraction limit. Light cannot propagate unless it is in the form of SPPs excited by TM mode [20] . The input TM 0 mode power hence propagates through the Cu-SiO 2 interfaces in the proposed polarizer while the TE 0 mode power is blocked.
This TM-polarizer configuration competes favorably with polarizers based on corrugated waveguide, photonics crystal waveguide [21] , slotted waveguide [22] , and sandwiched waveguide [23] structures. The major advantage of our proposed waveguide structure in segregating the TM 0 and TE 0 modes is evident from the sub-micron feature sizes, despite its high TM 0 reflection and radiation loss of < 0.30 (< 0.05 and < 0.25, respectively) for 1.2 − 1.6 μm wavelength range. The proposed TM-pass photonic element is practical for high density PICs based on SOI and Cu-Damascene CMOS foundry platforms [24] , [25] .
Although this study focuses on the passive component implementation, the fundamental building block can also be modified for electro-optical modulation by extending the Cu metal layers for external biasing of an embedded semiconductor. The feasibility of integrating a small foot-print structure to realize various optical functions, such as a long-wavelength pass filter, a TM-polarizer and potentially an electro-optical modulator with CMOS process compatible features further elucidate the significance of this work.
IV. CONCLUSION
In summary, we proposed here a CMOS compatible long wavelength pass TM 0 -polarizer. In an optimally designed MIM polarizer, the TM 0 and TE 0 mode transmissivity of >70% and <5%, respectively, in the wavelength range of 1.2 − 1.6 μm, can be achieved with G Cu = L = 0.1 μm and W = 0.5 μm. The proposed structure has a small foot-print with PER ∼ +11.5 dB when implemented as a TM 0 -polarizer across the long-pass wavelength regime.
